Background: Gout is a metabolic disease and is the most common form of inflammatory arthritis affecting men. However, the pathogenesis of gout is still uncertain, and novel biomarkers are needed for early prediction and diagnosis of gout. The aim of this study was to develop a systemic metabolic profile of patients with asymptomatic hyperuricemia (HUA) and gout by using a metabolomics approach, and find potential pathophysiological mechanisms of and markers of predisposition to gout. Methods: Serum samples were collected from 149 subjects, including 50 patients with HUA, 49 patients with gout and 50 healthy controls.
Background
Gout is a type of common inflammatory arthritis in adults that is associated with excruciating pain, and the prevalence of gout has risen over the last few decades [1] [2] [3] . It reduces quality of life in patients, even causing disability due to excruciatingly painful acute attacks of gouty arthritis, malformation of joints, chronic joint damage and renal stone formation. Gout is triggered by the deposition of monosodium urate crystals in the joints and hyperuricemia (HUA) contributes to the development of gout [4, 5] . HUA has long been recognized as the key causal precursor in the development of gout and the prevalence of comorbidities tends to increase with serum uric acid (SUA) levels [6, 7] . HUA and gout are closely associated with components of metabolic syndrome, kidney injury and cardiovascular diseases [8] [9] [10] . However, the pathogenesis of gout seems to be complex because many individuals with HUA form monosodium urate crystals and develop acute attacks of gouty arthritis, but some of them do not follow this trend [11] . It is well-known that HUA and gout are metabolic diseases, but it is uncertain what the metabolic difference between them is and whether this difference promotes acute attacks of gouty arthritis. Therefore, it is important to recognize metabolism-related indicators in gout, which may contribute to understanding of the predisposition to gout. Moreover, due to the possibility that the diagnosis of gout based on SUA as a biomedical indicator in the clinic may be inaccurate, even if crystals are identified in the digits [12] , the identification of novel biomarkers associated with the occurrence and development of gout is highly desirable to prevent the acute attacks of gouty arthritis and destruction of the joints.
Metabolomics is an emerging and rapidly developing field that offers an efficient approach to describe biomarkers or characterize perturbations of diseases via detection, identification and quantification of lowmolecular-weight metabolites (< 1 kDa) in biological samples such as plasma and urine [13] [14] [15] . The metabolomics approach has been successfully applied in recent years to identify early signals or biomarkers of abnormalities [16] , biological pathway characterization [17] and disease diagnosis [16, 18] . 1 H nuclear magnetic resonance (NMR) spectroscopy is an attractive tool in metabolomics research because of several advantages, such as simple sample preparation, high reproducibility and fast analysis. Therefore, 1 H NMR-based metabolomics is suitable for simultaneous and systemic analysis of multiple compounds of metabolite fingerprinting [19] .
In the current study, we carried out a serum metabolomics study on a male population with normal SUA, hyperuricaemia and gout by using 1 H NMR spectroscopy coupled with chemometric methods. The aim of this study was to explore the serum metabolic alteration in patients with asymptomatic hyperuricemia and patients with gout, to capture the metabolic alteration associated with the initiation and progression of gout.
Methods

Study subjects and sample collection
Asymptomatic patients with hyperuricemia (n = 50) and patients with gout (n = 49) were enrolled in the physical examination center of the Second Affiliated Hospital of Harbin Medical University between January 2013 and June 2015. An additional 50 healthy control samples were collected from healthy donors. All the diagnosis of these patients was confirmed by experienced doctors according to serum uric acid levels and joint swelling. Hyperuricemia in men was defined as SUA ≥ 416 mmol/L, which is a widely accepted diagnostic criterion [20] [21] [22] [23] . All patients with gout fulfilled the 1977 preliminary American Rheumatism Association classification criteria for gout [24] . They had been newly diagnosed with gout within the last 2 years and had experienced no acute attacks of gout within the last 3 months, thus excluding the effects of inflammation and drug treatments. All participants were male adult residents in the Harbin regionand were did not have diabetes mellitus, heart disease, liver or renal dysfunction, gastrointestinal disease, pulmonary disease or cancer, and had taken no metabolic drugs or dietary supplements within the last 3 months. Each participant had been given a standardized diet plan for 3 days before blood was drawn, and the consumption of alcohol and caffeine products were forbidden during this period. Demographic data (age and gender) and anthropometric data (height, weight, diastolic blood pressure (DBP) and systolic blood pressure (SBP)) were obtained from all participants, and current medications and medical history were also recorded.
Venous blood was taken from participants after overnight fasting and allowed to clot for 30 min at room temperature. It was then centrifuged at 3000 rpm for 10 min and the supernatant was stored at − 80°C until NMR analysis.
Clinical chemistry measurements
Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total protein, albumin, globulin, fasting glucose, creatinine, urea nitrogen, triglyceride, uric acid, cholesterol, high-density lipoprotein (HDL)-cholesterol and low-density lipoprotein (LDL)-cholesterol were measured using an automatic biochemical analyzer (AUTO-LAB PM4000, Rome, Italy). The values were expressed as mean ± SD. Student's t test was conducted to compare the clinical biochemical data using SPSS 20 software (SPSS Inc., Chicago, IL, USA). A p value <0.05 was regarded as statistically significant.
Serum sample preparation
Serum samples were removed from − 80°C storage and thawed at 4°C. A volume of 200 μL serum and 350 μL of 0.9% NaCl (w/v) solution containing 20% D 2 O were mixed and then followed by centrifugation (10,000 g, 4°C, 10 min). Finally 500 μL of the supernatant of each sample was transferred into individual 5-mm highquality NMR tubes.
H NMR spectroscopic analysis
NMR spectra of serum samples were recorded on a Bruker AVIII 500 spectrometer (Bruker Biospin, Rheinstetten, Germany) equipped with a 5-mm inverse broadband probe at 300 K. The 1 H NMR spectra were recorded with the relaxation edited Carr-Purcell-Meiboom-Gill (CPMG, RD-90°-(τ-180°-τ)n-acquisition) pulse sequence to detect low-molecular-weight metabolites over a spectral width of 20 ppm with 128 transients, 60 k data points, and 4 s relaxation delay. In order to facilitate the identification of metabolites, two dimensional (2D) J-resolved spectroscopy (JRES) spectra were acquired as previously reported [25, 26] .
NMR data processing
NMR spectra were processed using TOPSPIN software package (version 3.2, Bruker Biospin, Germany). For 1 H NMR spectra, an exponential window function was employed with a line broadening factor of 0.3 Hz and zero-filled to 128 k prior to Fourier transformation. Each spectrum was then manually phase-corrected and baseline-corrected and calibrated with the anomeric proton signal of α-glucose (δ 5.23 ppm). The spectra were segmented into regions with a width of 0.01 ppm (δ 0.5-9.0 ppm) using AMIX software package (V3.9.14, Bruker Biospin). The regions of imperfect water saturation signals (δ 4.50-5.15 ppm) and urea signals (δ 5.50-6.50 ppm) were discarded. The NMR resonances were assigned according to an electronic database (HMDB, http://www. hmdb.ca/) and data from the literature [27, 28] , and were confirmed with 2D NMR results.
Multivariate statistical analysis
Multivariate data analysis was performed in order to establish a systemic overview of the discrimination of metabolic patterns in patients with HUA, patients with gout and controls. At first, principal components analysis (PCA) was used to observe the intrinsic metabolic variation in 1 H NMR spectra data. Next, orthogonal partial least squares-discriminant analysis (OPLS-DA) was carried out to maximize the variation between groups and then detect significant metabolites that contribute to the variation. A coefficient of variationanalysis of variance (CV-ANOVA) approach was further applied to test the significance of intergroup differentiations (p < 0.05) in OPLS-DA models. Loadings plots of OPLS-DA models were generated using MATLAB 7.1 (Mathworks Inc., USA) with correlation coefficients. In these loadings plots, hot-colored metabolites have greater contribution in intergroup differentiations than cold-colored ones. The selection of significant metabolites was based on correlation coefficients (|r| > 0.6) and Student's t test (p < 0.01). To visualize the alterations of remarkable metabolites in three groups, a heat map was created using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/).
Pathway analysis
Pathway analysis of remarkably changed metabolites in patients with HUA and patients with gout was applied within MetaboAnalyst 3.0. Among all the perturbed pathways, the ones with impact value > 0.1 and p < 0.05 were selected as significantly perturbed metabolic pathways in HUA and patients with gout.
Results
Baseline characteristics of participants
The representative sample of this metabolomics study consisted of 149 male participants (50 controls, 50 patients with HUA and 49 patients with gout) whose basic characteristics and clinical variables are summarized in Table 1 . Body mass index (BMI), DBP, SBP, ALT, AST, fasting glucose, uric acid, triglyceride, cholesterol and LDL-cholesterol were notably increased in HUA and in patients with gout compared to the control group (p < 0.05). Compared to the HUA group, the gout group had significant higher levels of DBP, SBP, fasting glucose, uric acid and HDL-cholesterol and a lower level of albumin.
H NMR spectroscopy
Three CPMG 1 H NMR spectra ( Fig. 1 ) of serum samples obtained from control individuals (Fig. 1a) , patients with HUA ( Fig. 1b) and gout ( Fig. 1c) show the average signals of metabolites. In total, 41 metabolites were identified in serum samples including lipids, glucose, amino acids and organic acids, as shown in Fig. 1 and Additional file 1.
Multivariate analysis of NMR data
Since SUA is an important factor in gout, and the range of SUA levels was large in subjects with gout in this study (Table 1) , the NMR spectrum data from the two gout subgroups including gout with HUA (n = 32) and gout with normal SUA (n = 17) were analyzed by PCA and OPLS-DA, to determine whether SUA affected the metabolic profiles in patients with gout. The OPLS-DA scores plot (Additional file 2) showed no metabolic variation trend between the two subgroups in relation to SUA. This may be due to the complexity of gout pathogenesis, which cannot be explained by levels of uric acid, as aforementioned. Therefore, in the following multivariate data analysis, the two gout subgroups were processed and treated as one group.
To observe the clustering trends of samples obtained from patients with HUA or gout and control subjects, serum metabolic profiling was performed using PCA and OPLS-DA. The PCA scores plot for the first two components (R 2 X = 0.367, Q 2 = 0.34) reflecting a separation trend in the gout, HUA and control groups (Fig. 2a) . Furthermore, three distinct clusters of samples were observed in the OPLS-DA scores plot (R 2 X = 0.484, R 2 Y = 0.711 and Q 2 = 0.566; Fig. 2b ). To assess the risk that the current OPLS-DA model was spurious, the data were analyzed using the CV-ANOVA approach; a p value of 1.1E-26 showed that the OPLS-DA model was valid.
OPLS-DA was further performed to identify the significantly altered metabolites in the HUA and gout groups as shown in Fig. 3 . The OPLS-DA scores plot (R 2 X = 0.516, Q 2 Y = 0.931, Q 2 = 0.538, p = 2.4E-10) showed clear separation between the HUA and control groups (Fig. 3a) . According to the corresponding loading plot, compared with control group, the HUA group had significantly higher levels of very low-density lipoprotein (VLDL), isoleucine, leucine, lipid, lactate, alanine, lysine, acetone, glutamate, creatinine, β-glucose, α-glucose, threonine, triglycerides, unsaturated lipids and tyrosine. The metabolic differences between the gout and control groups were visible in the OPLS-DA scores plot (R Compared with the control group, VLDL, isoleucine, leucine, lipid, glutamine, methionine, acetone, citrate, aspartate, β-glucose, creatinine, α-glucose, threonine, triglycerides, unsaturated lipids and phenylalanine were remarkably increased in the gout group. Moreover, there was a clear difference in metabolic profiles between the HUA and gout groups in the OPLS-DA scores plot (R 2 X = 0.518, R 2 Y = 0.945, Q 2 = 0.641, p = 5.5E-15; Fig. 3c ). Compared with the HUA group, the gout group had notably higher VLDL, lipid, acetone, citrate, aspartate, β-glucose and α-glucose. The significantly changed metabolites are summarized in Table 2 . Among the 21 metabolites remarkably changed in patients with HUA and patients with gout, a total of 11 metabolites were disturbed in both groups (Fig. 4a) . To further understand the metabolic changes in patients with HUA and patients with gout, a clustering heatmap was used to visualize changes in metabolites. The heatmap (Fig. 4b ) of 21 significantly changed metabolites in patients with HUA and patients with gout, showed that there was a remarkable change of the metabolic profile in patients with HUA and a more greater difference in patients with gout.
Pathway analysis
According to the pathway analysis, 29 and 30 metabolic pathways were disturbed in patients with HUA and patients with gout, respectively. In the HUA group, three pathways were significantly perturbed including aminoacyl-transfer RNA (tRNA) biosynthesis, valine, leucine and isoleucine biosynthesis, and Dglutamine and D-glutamate metabolism were significantly perturbed. In patients with gout, five metabolic 
Discussion
Gout is a worldwide public health problem. However, current research falls short in evaluating the metabolic change in gout and asymptomatic hyperuricemia. In the current study, we used 1 H NMR-based metabolomics to analyze metabolites in serum from patients with asymptomatic hyperuricemia and gout, hoping to help gain understanding of the predisposition to gout. Our research demonstrated that the 1 H NMR-based metabolomics approach is feasible to examine metabolic change in patients with asymptomatic hyperuricemia and gout. Such an approach is also helpful in selecting metabolic pathways that play vital roles in the development of gout. The levels of some identified biomarkers showed a trend of an apparent increase in patients with HUA and patients with gout from levels in healthy individuals; together with clinical data this suggests an increase in metabolic disorders. In pathway analysis ( Fig. 5 and Additional file 3), more metabolic pathways were notably affected in the gout groups (five pathways) than in the HUA groups (three pathways), which indicated that there was a more severe metabolic disorder in patients with gout.
Lipid metabolism
Altered lipid profiles were observed in patients with HUA, including increased levels of VLDL, fatty acids, triglyceride (TG) and unsaturated lipids; related variables in clinical chemistry results (Table 1) were also found to be significantly changed including increased TG, total cholesterol (TC), LDL-cholesterol and decreased HDLcholesterol. Similarly, elevated VLDL, fatty acids, TG and unsaturated lipids were observed in patients with gout, which was consistent with clinical chemistry data showing that TC, TG and LDL-cholesterol increased in patients with gout. These results suggest that there was a lipid metabolism disorder in both patients with HUA and patients with gout. Several researchers have reported that HUA and gout are associated with cardiovascular and cerebrovascular diseases due to the correlation between serum uric acid and serum lipids [29, 30] . Moreover, our findings that lipid metabolism disorder and the elevated blood pressure, fasting plasma glucose and BMI in patients with HUA and patients with gout were consistent with the previous study showing that the prevalence of metabolic syndrome among individuals with HUA and gout is remarkably high [29, 31] . Our results indicate that lipid levels are highly linked with HUA and gout, thereby lipid-lowering therapy may provide a supplementary role to slow the development of gout.
Carbohydrate metabolism
Increased α-glucose and β-glucose were observed in samples from both patients with HUA and patients with gout, which suggests changes in carbohydrate metabolism. A large number of studies have shown that serum uric acid is positively related to elevated blood glucose due to insulin resistance [32] [33] [34] [35] . Insulin is the only hormone in the body that promotes the uptake and utilization of glucose in tissues and lowers blood glucose. Although we did not measure insulin, the increased glucose verified the inhibition of glucose metabolism in both patients with HUA and patients with gout, and it was more severe in patients with gout because of the higher glucose in the samples from patients with gout than in those from patients with HUA. As the main product of glycolysis, lactate is typically interpreted as a marker of anaerobic Fig. 3 Orthogonal partial least squares-discriminant analysis score plots of samples (left panel) and corresponding coefficient loading plots (right panel) obtained from different pairwise groups: a hyperuricemia (HUA) (blue dots) and control groups (green dots); b gout (red dots) and control groups (green dots); c gout (red dots) and HUA (blue dots). The color bar on the right corresponds to the weight of a variable in the discrimination between sets of samples, beginning from weak (blue) to strong (red) correlation for the discrimination. VLDL, very low-density lipoprotein metabolism, and its accumulation usually accounts for a high energy demand in the biological system [36] . Increased lactate was observed in HUA samples, indicating the energy demand in patients with HUA induced by low utilization of glucose. However, the trend of increased lactate was not observed in gout; this may be due to the accelerated gluconeogenesis in patients with gout for converting lactate to glucose to meet the more urgent energy demand. Increased citrate levels were seen in gout but not in HUA samples. Since citrate is an important intermediate in the tricarboxylic acid cycle (TCA) in mitochondria, the data may imply that altered mitochondrial function affected citrate handling and induced and imbalance in the global energy supply in patients with gout.
Aminoacyl-tRNA biosynthesis
Six and seven amino acids were significantly increased (p < 0.01) in patients the HUA (alanine, lysine, isoleucine, leucine, threonine and tyrosine) and the gout (phenylalanine, glutamine, aspartic acid, methionine, isoleucine, leucine, threonine) groups, respectively (Additional file 3), which indicates decreased protein syntheses or increased amino acid synthesis. Coincidentally, aminoacyl-tRNA biosynthesis was significantly affected in both patients with gout and patients with HUA. Aminoacyl-tRNA biosynthesis plays an important role in matching amino acids with tRNAs containing the corresponding anticodon for the messenger RNA (mRNA)-guided synthesis of proteins at the ribosome [37] . As we all know, amino acid metabolism is the biochemical basis in the regulation of both proteins and energy metabolisms. Greater involvement of amino acids and the greater impact value of aminoacyl-tRNA biosynthesis in gout compared to HUA suggests that translation was suppressed following the development of gout. Furthermore, aminoacyl-tRNA synthetases (AARSs) are essential enzymes in aminoacyl-tRNA biosynthesis, which have a family of twenty enzymes [38] . It is The p value was calculated using Student's t test reported that mutations in AARSs have been identified in diverse human diseases, such as musculoskeletal, cardiovascular, and urinary diseases [39] . Therefore, AARSs maybe potential indicators for identifying HUA and gout.
Valine, leucine and isoleucine biosynthesis
Branched chain amino acids (BCAAs), including isoleucine, leucine and valine, are essential amino acids and act as important signaling molecules and substrate in protein synthesis. On the other hand, increasing evidence shows that perturbed amino acid metabolism, especially circulating metabolites such as high levels of blood BCAAs, are strongly associated with insulin resistance, obesity, diabetes mellitus and cardiovascular disease [40] [41] [42] . Mitochondrial branched chain aminotransferase (BCATm), one of the two BCAT isoforms and highly expressed in all tissues in the mitochondria of the cell, converts the BCAAs into their corresponding α-keto acids. Thus, the increased levels of BCAAs in our study can be attributed to reduced expression of BCATm. It indicates that the increase in BCAAs causes the accumulation of its byproducts that can impaire mitochondrial capacity, and the affected mitochondrial function is related to the development of insulin resistance [40, 43] . Wang et al. found that BCAAs are significantly related to obesity and risk factors for some metabolic diseases [44] . Another study followed 2422 normoglycemic individuals for 12 years and found that the BCAAs may presage the development of type 2 diabetes mellitus by up to a decade or more and thus, may be among the earliest detectable metabolic derangements on the route to diabetes mellitus [45] . Our findings are in agreement, as both the HUA and gout groups had higher levels of isoleucine and leucine, and elevated BMI and fasting glucose, suggesting that there is correlation between insulin resistance and gout development.
Furthermore, it is known that BCAAs can undergo transamination to generate nitrogen for synthesis of non-essential amino acids such as glutamine and alanine [46] . In our study, although BCAAs were increased in samples both from patients with HUA and patients with gout, increased glutamine was only observed in gout but not in HUA and increased alanine was only seen in HUA but not in gout. These may have resulted from differential consumption of these amino acids in HUA and in gout. Glutamine is the most abundant free amino acid in human blood; it is consumed by proliferating cells and converted to glutamate en route to producing other metabolic intermediates that contribute to cell growth [47, 48] . Therefore, the increased level of glutamine in gout may due to the lower cellular metabolic rate in patients with gout. Alanine is used in protein synthesis and as precursor for gluconeogenesis in the liver. Under periods of starvation, alanine is generated from muscle BCAAs and transported to the liver where it is used in the glucose alanine cycle to make glucose for energy needs [49] . Hence, the fact that increased alanine was only seen in HUA but not in gout may be due to its consumption in gluconeogenesis to meet the more urgent energy demand in patients with gout.
D-Glutamine and D-glutamate metabolism
The D-glutamine and D-glutamate metabolism is a major regulatory mechanism of glutamate and glutamine levels in organisms [50] . Glutamate is an excitatory neurotransmitter and glutamine is the precursor and storage form of glutamate. In this study, compared to controls, patients with HUA had a higher level of glutamate and patients with gout had a higher level of glutamine. Thus, our results indicate that the perturbation of D-glutamine and D-glutamate metabolism occurred in both patients with HUA and patients with gout. There is evidence to suggest that uric acid has a remarkable antioxidant effect on neurons [51, 52] . However, the protective effect of gout on the risk of neurological disease is a controversial issue [53, 54] . It is said that metabolic syndrome, a frequent comorbidity of HUA and gout, might offset the anti-oxidative benefit from the high uric acid level [55, 56] . Zheng et al. identified disturbance of the glutamate-glutamine cycle with an increased level of glutamine in the hippocampus of mice with diabetes-associated decline in cognition, and regarded this change as the underlying reason for diabetes-related neurological complications [57] . Although none of the patients with gout in the present study had diabetes mellitus, fasting glucose was significantly increased in these patients. Thus, glutamine may be an early biomarker of gout and its comorbidities.
Alanine, aspartate and glutamate metabolism and nitrogen metabolism
In our study, metabolites related to alanine, aspartate and glutamate metabolism (aspartic acid and glutamine) and nitrogen metabolism (phenylalanine, aspartic acid and glutamine) were increased in serum from patients with gout: this indicates the perturbation of amino acid metabolism and energy metabolism in patients with gout. Among all the significantly disturbed metabolic pathways, alanine, aspartate and glutamate metabolism and nitrogen metabolism were disturbed in patients with gout but were not detected in patients with HUA, which showed the aggravation of metabolic disorders in patients with gout.
Conclusion
In summary, we investigated the application of 1 H NMR spectroscopy-based metabolomics to detect metabolic
